As técnicas de reflectância difusa no estado fundamental e de fluorescência induzida por laser foram testadas na avaliação do teor total de hidrocarbonetos policíclicos aromáticos (PAHs) em particulado atmosférico não extraído e não fraccionado. Foi comparado o teor total de PAHs no particulado estimado por estes métodos e por cromatografia gasosa em amostras de particulado atmosférico coletado na cidade do Rio de Janeiro e ainda para o material padrão de referência (SRM) 1648. A reflectância difusa no estado fundamental provou ser uma boa técnica para estimar o teor total de PAHs em material urbano particulado, uma vez que os resultados se correlacionam diretamente com os dados obtidos pela técnica de cromatografia gasosa convencional. A fluorescência induzida por laser é também um método eficiente para estimar baixas concentrações. Ocorrem desvios aparentes na resposta da fluorescência devido à interferência do "black carbon" que têm de ser contabilizados. Estes métodos ópticos mostraram ser rápidos, de baixo custo, sensíveis e úteis como técnicas de monitoramento, permitindo medidas de campo.
Introduction
The development of diffuse reflectance and laserinduced luminescence (both fluorescence and phosphorescence) techniques made possible the study of photophysical and photochemical processes of probes adsorbed on opaque heterogeneous supports. [1] [2] [3] [4] [5] [6] These processes are strongly dependent on the probes-matrix interactions. 7 Room-temperature luminescence may be effectively enhanced by the rigid environment frequently provided by the solid support. [8] [9] [10] [11] This fact can be successfully used on the determination of trace levels of luminescent probes adsorbed on surfaces. [11] [12] [13] In urban areas, outdoor air pollution is chiefly associated with the incomplete combustion of organic fuels in automobile engines and industrial plants and the consequent emission of soot particles mostly in the breathable size range. Black carbon is the most refractory fraction of soot particles and is formed of a graphitic polymerised backbone with organic functionalities.
14 It contains a complex mixture of organic compounds, several of whom have toxic effects on human health, such as the polycyclic aromatic hydrocarbons (PAHs). The latter comprehend a group of chemical substances some of them possessing mutagenic/carcinogenic activities and therefore considered as target pollutants for environmental monitoring. 15 Since PAHs are spread in the environment adsorbed or included in complex matrices, laboratory procedures used in their determination are, in general, expensive and timeconsuming. The most common methods for individual determinations involve extraction of particulate matter with organic solvents, column or thin layer chromatography to eliminate interfering substances, followed by detection with gas chromatography/mass spectrometry (GC/MS) or high performance liquid chromatography (HPLC). 16 The aim of this work was to test the use of ground-state diffuse reflectance (GSDR) and laser-induced fluorescence (LIF) as screening methods for monitoring total PAHs in air particulate matter. For this purpose, 12 filters containing particulate matter collected in the city of Rio de Janeiro (Brazil) and a sample of an urban particulate standard reference material (SRM 1648) were analysed. The obtained results were compared with those obtained by chromatographic techniques. 17, 18 To the best of our knowledge, this is the first attempt to combine these two surface photochemical techniques for the analysis of total PAHs in actual atmospheric samples.
Experimental

Materials and methods
Urban particulate matter was collected by filtration of approx. 600 m 3 of ambient air on quartz membrane filters using a high volume air sampler, in December 1998, January and March 1999 (the summer months in Southern Hemisphere). Samples were collected at four air monitoring stations with different traffic influences: Alto da Boa Vista (Alto), Ilha do Governador (Ilha), City Center (Center) and Brasil Avenue (Brasil). 18 The first two sites are located in residential areas, while sampling stations at the City Center and Brasil Avenue are located in business districts within 50 m from main traffic corridors. Filters were analysed for PAHs as described by Fernandes et al. 18 Powdered model samples were prepared by deposition of pyrene (Aldrich, 99%, optical grade) on silica (60Å, 70-230 mesh, Merck) and activated charcoal (GR for analysis, Merck) by slow ethanol (Uvasol grade, Merck) evaporation as described in detail by Vieira Ferreira et al. 8, 9 Ground-state absorption spectra of all samples in the UV-vis regions were registered from 220 to 900 nm using an OLIS 14 UV/VIS/NIR spectrophotometer with a diffuse reflectance attachment. The integrating sphere is 90 mm in diameter and is internally coated with a standard white coating. The standard apparatus was modified to include the possibility of using short-wave pass filters (UG5), which prevent sample fluorescence from reaching the detector. Reflectance from filter samples was measured from ~2 cm 2 of their surface placed against a quartz cell wall. All filters are optically thick.
The reflectance, R, from each sample was obtained by scanning the excitation monochromator in the adequate wavelength region; the remission function, F(R), was calculated using the Kubelka-Munk equation, defined by Eq. (1):
The Kubelka-Munk equation applies to optically thick samples, i.e., those where any further increase in thickness does not affect the experimentally determined reflectance R. K and S are the absorption and scattering coefficients with dimensions (distance) -1 . For an ideal diffuser, where the radiation has the same intensity in all directions, K = 2eC (e is the Naperian absorption coefficient, C is the concentration). Since the substrate usually absorbs at the excitation wavelength, l e ,
where F(R) blank is obtained for the blank (filter). This equation predicts a simple linear relation for the remission function of the probe as a function of concentration (for a constant scattering coefficient) whenever the probe is in the form of a monomer.
Further experimental details and description of system calibration used to obtain accurate reflectance (R) measurements are given by Vieira Ferreira et al. 8, 9 Ground-State Diffuse Reflectance and Laser-Induced Luminescence Vol. 13, No. 2, 2002 Fluorescence emission measurements of the samples were performed in a front-surface arrangement, at room temperature (20±1ºC), in the laser-induced time-resolved luminescence system of Figure 1 . The system uses the 337.1 nm pulse (suitable for PAH excitation) of a N 2 laser (1.3 mJ/pulse) as excitation source, coupled to a delay unit and a gated intensified charge-coupled device and enables luminescence measurements on the nanosecond to the milisecond time range. 6, 11, 19 Results are presented as the average of at least three independent measurements taken from different zones of each filter, the excitation pulse irradiates about 0.5 cm It is important to notice that both reflectance and fluorescence measurements of the filters were made directly, without any treatment. Figure 2 shows the ground-state diffuse reflectance spectra of the filters and SRM 1648 at the PAHs absorption wavelength zone. In all the spectral range, no individual bands could be identified. Sample spectra are characterised by an intense broad absorption that only slightly decreases with wavelength. The reflectance is characteristic of each collection station, decreasing progressively in the order Alto, Ilha, Center, Brasil. This order is that of increasing PAH content of the samples as determined elsewhere 18 by GC/MS and shown in Figure 3a and 3b. As can be seen in Figure 3c , this tendency was fully confirmed by comparing the remission functions of each sample. We also analysed SRM 1648 and observed that its absorption spectra has the same typical shape of any other sample (Figure 2 ), being as intense as those from Brasil Avenue (Figure 3c) .
Results and Discussion
The absence of distinguishable bands in Figure 2 suggests that the reflectance is not directly determined by individual PAHs. The fact that samples vary from light to dark grey indicates an increasing black carbon content with colour. However, Ilha samples are distinct and brownish in colour. This deviation might derive from a larger amount of yellowish plant organic carbon 14 , as also suggested by higher n-alkane carbon preference index (CPI) values. 20 The samples were further analysed by laser-induced fluorescence. Figure 4 plots the fluorescence spectra for each collection point in December and for SRM 1648. Although all filters display approximately the same fluorescence band peaking at 430 nm, their intensity clearly depends on the collection station, as shows Figure  3d . For SRM 1648, the fluorescence spectra have a similar shape to that of the filters and its intensity is close to that of the most contaminated samples. As a general rule the fluorescence intensity of the filters (on December and January) increase from Alto to Center as observed for total PAH content (Figure 3a and 3b) . The fluorescence from Brasil samples and SRM 1648 is considerably lower than expected. In despite of that, fluorescence measurements appear to reproduce accurately the changes on PAH levels for the other three stations and also for each individual station.
As mentioned earlier, 14, 15 black carbon is a key-carrier phase for atmospheric PAHs. We postulate that its increasing content from Alto to Brasil could be responsible for a progressive fluorescence quenching effect, which maximises at the most concentrated samples (SRM 1648 and Brasil). Indeed, black carbon is a highly effective lightabsorber, being known as very close to true black (R=0).
In order to test the hypothesis above, we prepared samples with 10 ng mg -1 of pyrene deposited onto silica gel and activated charcoal. Pyrene is relatively abundant in urban air particulate matter and owing to its chemical stability is frequently used as a model probe. 20 The fluorescence results can be seen on Figure 5 . Pyrene on silica produces a strong characteristic fluorescence signal that totally disappears for the same pyrene concentration on charcoal. These results confirm that black carbon acts as if it were a quenching agent since it absorbs the excitation photons and does not fluoresce. In order to take this problem into account, we corrected fluorescence values using a factor that accounts for the increasing black carbon 2002 fraction in each sample. Since black carbon is the deposition substrate, not the quartz filter, black carbon fraction in each sample can be estimated as f black carbon = F(R) sample / F(R) black carbon , where F(R) black carbon is constant and was determined for pure carbon black. Even though the corrected values shown in Figure 3e are closer to those of Figures 3a and 3b , the correction factor does not fully account for black carbon quenching effect. Correlation factors of 0.93 and of 0.88 were obtained comparing the results provided by the diffuse reflectance method and by GC/MS for total PAH content expressed in ng m -3 and in ng mg -1 respectively. The fact that the correlation of PAH's content versus Remission Function is indirect (through the carbon black content) does not mean that it does not exist. The comparison of Figures 3a, 3b and 3c clearly supports this view. Other authors 22 used diffuse reflectance measurements (but not the remission function) for PAHs evaluation on fly ash, although with a less accurate formulation, which we correct here.
For laser induced fluorescence it is well known that the intensity varies with the square root of the concentration of the fluorescent probe for low loaded samples, reaching a plateau (saturation) for high loadings as we have shown in previous publications. 8, 9 In spite of the low number of samples used in this work this behaviour was found. For the lower loaded samples situated in the non saturated region a linear relation of the intensity of fluorescence versus the square root of the concentration was found with a correlation factor of 0.77.
The results presented in this work agree quite well with the general pattern observed for other probes adsorbed on solid surfaces. 8, 9 Later, 8 new samples collected in June and September (winter months) at the same places, were also analysed and the overall results lead to the same behaviour, showing, once more, the method's validity.
Fluorescence certainly has its origin in the PAHs present in the samples as showed by the absence of significative emission obtained from the blanks (filters, filters with black carbon, filters with air particulate matter after PAHs removal by solvent extraction).
The similarity of the emission curves obtained from our samples and from the standard material used also support this conclusion (see Figure 4) .
Laser induced fluorescence methodology is strongly influenced by external factors (content of black carbon, thickness of the collected film, etc). 6, 12 In fact, laser fluence affects the penetration depths and in this way it may influence the obtained results. In all experiments laser fluence of the excitation radiation was constant.
In the diffuse reflectance experiments we have measured the diffuse transmission and concluded that it was zero or negligible for all samples, within experimental error. Reflectances were also measured with different excitation areas and also with 2 or 3 filter samples superimposed. Again, results were coincident within experimental error.
Lens were also used to diverge the laser excitation beam (1.3 mJ per pulse at 337 nm), as well as neutral density filters, reducing the number of photons per square centimetre of excitation, at least in a 20 times range. Within experimental errors, all the luminescence results agree with those presented in Figure 3e .
All these points are consistent with optically thick samples pointing to the validity of Kubelka-Munk treatment. It means that fluorescence signal is proportional to square root of concentration in a reasonable way, (in spite of the fact that several PAHs are adsorbed on the air particulate and not only one), as Figure 3e shows. So, for low PAH concentrations a linear calibration can be obtained, but not for high concentrations, as previously shown. 
Conclusions
Ground-state diffuse reflectance proved to be by itself a good technique for the evaluation of total PAH content of urban particulate matter, since results directly correlate with data obtained by conventional chromatographic techniques. Laser-induced luminescence appeared to be also a good technique for less concentrated samples. The methods showed to be efficient on total PAH evaluation at a local scale. Both techniques are valuable alternatives as screening techniques to air quality monitoring, with the advantage of being fast and therefore allowing a larger number of observations. Furthermore, the necessary equipments are relatively simple and can be easily adapted for in situ field evaluations since compact lasers and diffuse reflectance spectrophotometers are commercially available.
